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BACKGROUND
About 5 to 10% of carbon in natural water occurs in organic forms. The combined total of these forms is known as total organic carbon (TOC), which is a regulated water quality parameter. TOC varies from around 1 to 10 mg/L as carbon in surface waters. Groundwater typically has less than 1 mg/L TOC, although groundwater residing in sediments with high organic content has more. Humic substances comprise up to half the TOC and are thought to be polymeric molecules formed from condensation reactions of plant lignin, polysaccharides, and/or proteins, although direct determinations of molecular forms have been illusive. These substances are most commonly observed in groundwater (Thurman, 1985% Thurman, 1985b . Non-humic substances are typically lower molecular weight and simpler compounds derived from various sources.
This project developed an analytical technique for measuring the isotopic abundance of 14Cand '3Cin TOC in order to test whether these measurements can trace TOC interaction with sedimentary organic matter (SOM). SOM is detritus incorporated in sedimentiuy material at the bottom of rivers and lakes, soils, and subsurface aquifer rocks. The carbon in SOM has a lower *4Cconcentration than the carbon in surface water TOC. Their interaction during surface water recharge would be reflected in decreased "C concentrations. One previous study measured "C and '3Cof TOC in surface water and groundwater (Schiff et al., 1997) , but did not address issues of SOM exchange. Other work has measured organic 14Cin shallow groundwater recharge (Wassenaar et al., 1992; Geyer et al., 1993; Artinger et al., 1996) , but in these studies they only measured "C on the dissolved humic substances in order to determine the water's age. These workers suggested that the low 14Ccontent observed in young recharge was due to exchange between humic substances and SOM of the soil. The extent of exchange depended on the SOM concentration, microbiological activity, and dissolved oxygen content of the water.
The "C may quantify the mass transfer of SOM into TOC during groundwater recharge, particularly when measured on a recharged surface water labeled with a conservative water tracer. These measurements could have direct bearing in California, where TOC has a proposed regulato~limit of -1 mg/L for recycled waste-water recharged into groundwater drinking supplies. This strict regulation is due to the uncertainty in the TOC composition and any potential toxicity. There is interest among regulators and water managers in determining whether the TOC in surface water is the same TOC found in groundwater after the water has been artificially recharged. If it can be shown that the TOC undergoes compositional changes during recharge, it could provide a basis to change current regulatory thinking, and thus possibly decrease the cost of producing this type of water for drinking water supplies. The goal in this feasibility study was to 1) use a conservative tracer to track surface water recharge and quantify changes in the TOC concentration, and 2) measure the natural abundance of '3Cand 14Cin the TOC as a means to quanti~its interaction with SOM. Figure 1 shows results from a conservative tracer study at Orange County, California. In this experiment, on October 1, 1996, Colorado River water was introduced into an abandoned gravel quarry, which is used by Orange County to recharge groundwater to meet drinking water demands. The 's0/'60 ratio of Colorado River water is distinct from the ratio of local groundwater, which provided a means to trace the migration of the recharged water to a nearby monitoring well. The TOC content of the Colorado River water was measured before it was recharged, and then again after it had recharged and migrated to the monitoring well almost exactly one month later. It was found that, under nearly 100% saturated groundwater conditions, the TOC content decreased by a factor of two during recharge. Current regulatory thinking suggests that non-saturated groundwater conditions are necessary for this level of removal. This part of the experiment showed that isotopic measurements of '*O/lcOratios coupled with the TOC concentrations accurately quantify the amount of TOC removal in recharging groundwater. This approach is viable in any case where recharging groundwater is isotonically distinct.
EXPERIMENTAL AND REXJLTS
On February 18, 1997, one liter samples of surface water in the gravel quarry were collected for isotopic analysis of the TOC. During this time, the water in the quarry was derived from nearby Santa Ana River. Samples were collected at the surface, at mid depth, and just above the bottom (-50 feet below surface). One month later on March 17", groundwater was sampled at the same nearby monitoring. Based on the October recharge study using the'80/'b0 ratios, groundwater in the monitoring well should have been the same water in the gravel quarry one month earlier.
To prevent microbial interaction with the TOC, samples were poisoned immediately after sampling with 3-4 drops of a saturated solution of HgClz and refrigerated. After the samples were shipped to LLNL, they were split and one half filtered at 1.Oprnand the other half at 0.2pm. The groundwater sample was not filtered. The samples were then rotaevaporated to an -10 ml volume. The samples were then acidified with lml of 6M HC1 to remove inorganic carbon. The samples were then centrifuged, frozen, and freezedried. Freeze-dried weights were measured. Each freeze-dried sample was homogenized and a measured portion was loaded into a quartz tube with CUO,evacuated and sealed, followed by combustion at 900°C. Liberated CO, after combustion was cryogenically purified and split. One split was measured for its '3C/'2C ratio on a stable isotope ratio mass spectrometer and converted to a standard 6 notation where 5 = (Rs/Rstd -1)1000, Rs is the '3C/'2C ratio of the sample, and Rstd is the ratio of a recognized standard. The other split was converted to graphite at 570"C in the presence of Hz. The graphite was measured for its "C content at the Center for Accelerator Mass Spectrometry. Results are reported as percent of modem carbon (pmc), which is "C/'2Cratio of the sample normalized to the ratio of 1950 atmospheric COr Figure 2 shows the results of the isotopic analyses and the TOC concentrations for each sample. The TOC concentration was calculated by the weight ratio of COZto the freeze-dried material. For the surface water samples, the "C of the TOC faltered at l.Opm showed no significant variation with depth. However, "C of the 0.2p.m filter size at the middle and bottom layers were significantly lower relative to the shallowest sample and the bigger falter size. For the groundwater sample, the '*Cof the TOC was lower than all the surface water analyses. The 6 "C values of the TOC for the surface water samples had no significant difference, while the groundwater 6 'SCwas only slightly lower. The calculated TOC concentrations for the surface water samples showed a significant increase with increasing depth for both filter size fractions. The groundwater sample TOC concentration was significantly lower than the surface water, similar to the TOC change observed during the October recharge experiment (see Fig. 1 ).
DISCUSSION
Based on the calculated TOC concentrations, organic carbon accumulated in the surface water from the surface toward the bottom of the gravel quarry (see Fig. 2 ). Humic substances are known to increase with depth in lakes, and have been proposed to originate either from iron oxide precipitation or anaerobic decomposition of particulate detritus (e.g. Steinberg and Muenster, 1985) . The latter explanation is essentially the same as interaction with SOM. The TOC increase in the Orange County gravel quarry is associated with a "C decrease in only the 0.2pm filtered size, while the "C of the 1.Op.m filtered samples remained the same, although both sizes increased in total concentration. The increase in the smaller size, however, is preferentially composed of older organic material, and this is consistent with formation of smaller molecules from decomposition of older SOM. However, this doesn't explain why the 1.O~filter size also increased in concentration.
The '*Cconcentration in the TOC of the groundwater is lower than any of the measured surface water samples. Assuming that this lower *4Cwas entirely due to exchange with SOM, amass transfer can be calculated. Unfortunately, the *4Cof the SOM was not determined. However, a lower limit of 25 pmc is a reasonable estimate considering the depth of the monitoring well and the< 10,000 year age of the sediments (R. Hemdon, Orange County Water District, personal communication). Using the '*Cof the 0.2jtm falter size at the bottom of the quarry (101 pmc) as the beginning concentration, and 25 pmc as the SOM concentration, then obtaining the 97 pmc observed in the monitoring well would required only a 5 percent mass transfer of SOM into the TOC. Using the 1.Op.mfilter size as a beginning "C content, then a 9 percent mass transfer is required. A larger mass transfer would be required if the SOM were actually greater than 25 pmt.
Further work is required to better understand these data. In particular, "C measurements on the SOM are needed. However, it cannot be ruled out that the "C decrease of the TOC is simply caused by selective decomposition of younger carbon components of the TOC during recharge. In this case, more refractory parts of the TOC may be composed of older carbon. This question maybe testable by measuring the "C of TOC and the humic substances separated from the TOC. Likewise, "C measurements on products of weak oxidation and other selective decomposition methods of the TOC may provide further information. In addition, "C measurements of groundwater up to one year old would indicate if "C continues to decrease beyond just the point of recharge. Days Since Recharge Figure 1 . Colorado River was used as a conservative tracer in an artificial recharge experiment in order to observe the changes in TOC concentration from surface water to a nearby monitoring well. About 30 days after recharging from the surface, TOC levels fell to 1.5 mg/L, approaching the proposed regulatory limit of 1 mg/L for recycled waste-water influencing drinking water.
